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Abstract 

A gas sampling electromagnetic calorimeter running in a "Saturated 
Avalanche Mode" was tested at SLAC with positrons incident at energy up to 
17.5 GeV. With this new method, good energy resolution, 16 percent/&, and 
good linearity were obtained' with arrays of thirty-four 0.5 radiation length 
thick lead plates interleaved with 34 wire counters. lhere was no measurable 
systematic effect. Amplifiers are not needed; the signals are large enough to 
be connected directly to the ADC's. 
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Jntrcduction 

Gas sampling calorimeters operating in apropmtionalmde have hen 

tested and used by several group~~-~~ but, with one repxted e.xception7, 

their energy resolutionhas beenmuch inferior to thatachievedwith calori- 

ureters thatuseplastic scintillator cmmtexs. Bqxoved resolution for energy 

less than 5 GeVhasbeendeimnstrakd. in acalorimeteroperated titheGeiger 

ncd&, andmaybe expxted alsowith the Limited streame~?-~r~~ mde. Those 

devices are intrinsicallydifferentfrmpro~rtional counter energy sampling 

calorimeters. The four, ineffect, use thenmberof tracks in the shower, 

while the latter use the magnitude of total collected charges as measures of 

the energy depositedin thegas. In this paper,we reprt results of tests 

of gas sa@ing calorimeters run in neither of these rides, but in an inter- 

date, partially saturatedrrcde. Their resolution is ccxrparable to that of 

plastic scintillator calorimzters. 

These tests were made as part of the program to develop calorimeter rrcd- 

ules for the Collider Detector Facilityl' , an apparatus to detect pr&iucts 

of fjp interactions at the 2 TeV colliding beams machine new mder construc- 

tion atFe.rhlab. The present design (Fig. 1) calls for gas sapling electro- 

magnetic and hadronic calorin~try in the fomard and backmd angular regions. 

Respxtably mall granulaxitywillbe achievsdwithtcmrstructwzes of cathode 

readout pads. 
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~rimntalArrangenents 

IIt;0 detectors studied were a E!AC prototype7 and brass tube calorimeter 11 , 

whichwere testedpretiously inproportionalmde at SIX and at Fermilab, 

?=SpXtiVelY . Thus, only limited details of constmction will be given here. 

The i%C prototype was camposed of 34 lead plates of 2.8 rm thickness 

and 34 planes of 50 Fpn diameter ancde wires enclosed in 9.5 ram x 9.5 nm cells 

which are separated by 1.5 mn thick aluminm ribs, a 17.8 radiation length 

shcwer detector. Fig. 2 shms the an-angemantand the cell structure. Both 

detectorswere inditiduallyplaced inalminmcontsinerswhichcouldbe 

evacuated or pressurized for studying pressure effects. The anode wires of 

eachplanewere connected toa amen strip, and seven suchplaneswere further 

groped together, resulting in fivegroups tobereadout. Resultswillbe 

presentedbasedon dataobtained frcanthetotsl smof these five groups as 

well as frcxn the individual sections to shm the longitudinal developtmt of 

the shcwzc. 

The counter gas was a mixture of 49.3 percent Argon, 49.3 percent ethane, 

and 1.4 percent ethyl alcohol. Negative high voltage was applied to the 

caticde tubes. Distributed high voltage capacitors totalinq 0.25 pf were the 

charge storage elements. As indicated in the figure, therewas noneed for 

amplifiers between thewires and the ADC's. Indeed, itwas necessary to 

attenuate the large signals obtainedbetween 2 dband 30 dbdependingon the 

hiqh voltage and gas pressure. Coaxial cables of 40 m length carried the sig- 

nals to the bsC!roy 2249WADc's. The gate width was 1.2 psec. 

Thewires of the brass tube calorkm&.rwere connectedtoqetherlongi- 

tudinally, as shcm inFig. 3, and furthergroupedas indicated aboveaadin 
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the figure. This calorimeter is made of 0.36 nmwall thickness, 6.3 mn x 

ll.3 m-a cross section brass tubes containing 50 pm diameter anode wires. 

Forty 2 am thick lead plates were between the wire planes to give a total of 

16.5 radiation lengths. 

A LSI-11 conputer systemwith a SLAC program package "ATRXW" was used 

for data taking and on-line display and monitoring. 

EkeamParaneters 

Tbe detectors were tested in the 19O baam of the Stanford Linear Accelera- 

torwhichprotidedpositrons of17.5 GeVnex&.nnenergy. SLAcranintheSLED 

mde during the entire tests with a bmxh length of about 20 nsec, and 10 

bmches per second. About 95 percent of thebeamatthe detectorwaswithin 

the 2 mx 2 aanarea of thebeamdefining counter. The average intensitywas 

betweenl/lO and10 positrons perbunch. Thenrmtant~spreadof thebeam, 

bp/p was less than kO.25 percent nns. 

Experimental Results 

Yost of the data presented here were taken with the MAC prototype calori- 

meter. Gain and resolution were measured at various settings of gas pressure 

and a&kd voltage with positrons incident at selected energies in the range 

1.5 GeV-17.5 GeV available in the SLAC test beam. A representative sqle 

of results will be shaun. 

1. Shaer sum 

For 10 GeV incident positrons, the total pulse height distribution is 

skwn in Pig. 4 together with a Gaussian fit to the data. Only that portion 
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within +2uof themeanwere usedinthe fitting procedure. The shapeofthe 

distribution, typicalof all, iswellrepre.seutedbytheGaussian fuuction. 

with fixed gas pressure, the resolution U/E varies with high voltage as 

sham in Fig. 5. As the voltage increases frm 2100 V, the resolution slmly 

decreases to a shallm minimum at % 2250 V and then slmly increases. 

Figs. 6a and 6b present the calorimeter output as a function of incident 

psitron energy. Both at 0 peig and 5 psig there are no detectable non-lin- 

&ties at energies up to 17.5 GeV. Forthesenms,thecoumterswerem 

at 2300 V and 2550 V, respectively. 

Fig. 7 shms the total pulse height as a function of high voltage for 

the pressures of 0 psig and 3 psig. Both show approximately exponential rise 

in gain with increasing voltage. Thehigherpressurecurvehas some indica- 

tion of an inflection point near the middle of the range. 

higher energy response of the detector was simulated by using multiple 

positrons in a single rf bucket. This is a fair simulation since the positive 

ions do not move appreciably frm where they were produced during the beam 

spill. Fig. 8 shms the detector response to multiple positrons of 17.5 CkV. 

It shms that as many as 11 simultaneous positrons the energy resolution of 

the detector is sufficiently good to resolve them with clear minim be- 

the peaks of the pulse heiqhtdistributions for the correspondingnmbers of 

positrons. In fact, this is a Poisson distribution for n = 4.5. The oscillo- 

scope trace reproduced in Fig. 9 shms s&pulses for singleanddouble 

positrons. The pulse rise tine is about 10 nsec, and the decay tine is almost 

800 risec. The decay time is long because the whole detector whose capacitance 

exceds 10 nF was -ected to a single 50 0 coaxial cable. The pulse height 
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for singles is ?r 75 mV and is Q 150 mV for doubles. These.pulses can be 

used for a prompt multiplicity triggerwith a time jitter of few~nanoseconds. 

The pulse heights for the multiple positrons deviate in a smcoth way from 

linearbehavior forrrorethan atwo-positron (35 GaV) shcWer,as seen in 

Figs. 10a and lob. The linearity is much better at 8 psig. The ADi: pedestals 

were determinedby extrapolating to zero energy the line deternrlnedby the 

first Wo points in each plot. An expanded view of the pulse height distri- 

bution for 10 GeV positrons is shcxyn in Fig. 11. It dramatically shu& the 

synmetric, Gaussian-like shapes with clean valleys between the multiple-hit 

F=*. The energy resolution as a function of equivalent energy deposits of 

rreiltiple 17.5 GeV positrons is shown in Fig. 12 after correction for the 

nonlinear response. 

The energy resolution as a function of energy for single incident posi- 

'crons is shown in Fig. 13. u/E shows the usual E-l-1' dependence with a con- 

stant factor of 16.2 percent as indicated in Fig. 14. The fact that the 

resolution extrapolates to the origin indicates that there are no systematic 

effects. mis is, perhaps, because there is no active device (amplifier, 

pulse shaper, etc.) between the detector and the ADZ, and small variations 

among individual wire gains average out over the detector. 

Tbe detector was rotated to make angles to the beam axis of as much as 

23c', with 17.5 GeV positrons incident, the results of Fig. 15 were obtained. 

It is seen thatthepulseheightincreasesbya m~l.l. amxmt (maximmn2.3 

percent), and the c/E decreases slightly with increasing angle. This improve- 

mntmybe due to abetter containment of energy in the increasedthickness 

of the rotatedcalorimeter. 
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Similarresultswere obtained frcxnthebrasstube calorimeter. Itwas 

run only at 6 psig pressure. Fig. 16 shows that the energy resolution is 

almost 17 percent/ d- E and independent of highvoltage, in contrast to the 

behavior of theMAcprototype. The reason for thedifferencesbetweenthe 

~WJ may be the different cell shapes. It is curious that poorer resolution 

was found with the thinner lead smpling sheets. When the brass tube calori- 

mterwas testedat Fermilab in theprolzortionalmxle, theresolutionwasmea- 

sured to be 22 percemt/~E. 

2. shmierdevelo~t 

The response of each of the five 3.3 radiation length thick sections of 

the MAC detector is plotted in Figs. 17a-17e (see Fig. 8 for an exanple of 

the sm signal). These show pulse height distributions obtained with mltiple 

17.5 GeV positrons incident on the detector operated at 3.0 psig gas pressure 

and 2.40 kV applied voltage. Only in the center section is the resolution 

sufficient to separate the peaks due to different nmbars of positrons in sin- 

gle beam. bunches. Thepulseheightdistributions, correpsondinq to aparti- 

cular nmber of positrons were det embed for each of the five sections by 

selecting events whose total recorded pulse height (smmed over five sections) 

is within the limits appropriate to a selected positxon multiplicity. Figs. 

18a-l& show scatter plots of each of the five distributions vs. the sum of 

the outputs of the five?XC's. Distinct clusters of data points are clearly 

seen in each plot, showing the response to as many as 13 positrons simutan- 

neously incident on the calorimeter seqmmts. In Fig. 19 we show the mean 

pulseheights as a functionofthenmberofpositrons. Cmqxcison of the 

neasured pulse height values with those indicatedby the straight lines gives 
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a measure of the non-linearity vs. energy. For exan@e, with 105 GeV of 

e.rxxgy incident on the calorimeter these are in segments lthrough 5,14.5 

percent, 14.8 percent, 9.3 percent, 2.4 percent, and 0.5 percent, respectively. 

In the sum of these signals, it is 9.6 percent. Note that the deviation fran 

linearity is substantial in the firstsmt,where the depositedenerqyis 

smallest. In section 5, which has comparable energy deposit, little satura- 

tion can be seen. The deviation in section 2is ccnsiderablygreaterthan 

in section 3whichhas approximately the same energy deposit. lhisbehavior 

appears to indicate a saturation effect that depends on the density of parti- 

cles within the shcwer. 

The patternofenerqydeposited in the gas of the calorimeter as a func- 

tion of the shower depth is demonstrated in Fig. 20, where we show the maan 

pulse height from each section as a function of position. The data for ener- 

gies less than 17.5 GeV have been corrected to account for gain variation due 

to small pressure chanqes thatoccurredduringthenms. Results are shown 

at several energies between 2.0 GeV and 17.5 GeV. For ccsparison, energy 

deposits inferred from the universal shower -es of Abshire et al.16 have 

been superimposed, and the agreemm tis seen tobe gocd. Thepositionofthe 

shwer median as a function of depth is shown in Fig. 21, together with a 

curve inferred fromtheuniversal function ofAbshireeta1. Again,there 

is god agre-t. 

Saturated AvalancheMode 

l3 We have investigated the ionization region between the proportional 

region and the self quenching streamer region indetailusinq a 9 nmx 9.5nm 
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tube having a 50 pm wire, a replica of one cell of the prototype MAC detector, 

in order tcunderstand the'dependence cf t&energy resolution on high voltage. 

Asmall fractionof thewire@ulsewas qlified andusedto formthe 

ADC trigger, as shcGn in Fig. 22. ALeCYoy 2285 ADZ system was used for mea- 

suring the charge. The gainofthe AWwas 20 counts perpicocculcsb. An 

Fe55 x-ray source was used to measure the wire gain as a function of high 

voltage. As seen in Figs. 23a and 23b, the resolution is insufficient to 

separate the 5.9 keV x-ray line and 2.9 keV argon escape line when the gas 

gain, at 2300 V, is the region of limited proportionality. The gain here 

was % 5 x 104. The 2.9 keV line is hidden in the left side of the asymr&ric 

pulse height distribution. Fig. 24 shows the gain as a function of the high 

voltage. Tbe rateofgrcwthofthe avalanche is seen tod ecreaseccntinuously 

as thehighvoltage increases above 22OOVuntilthe streamerthresholdis 

reached. Then the gain increasesvery little tothepointof full streamer 

operation around 2650 V. 

The distribution of pulse heights recorded by passage of min%mnn ioniza- 

tion tracks was also investigated in this wltage region using a SP" f3-source. 

A telescope made from a pair of mm111 thin scintillation counters provided 

a gate pulse for the AtK's. The discriminator thresholds were set to accept 

minlytheminimnn ionizing 6's. Fig. 25a shows the pulse height distribution 

cbtained at 2300 V. !&is histogram shahls that the distribution is almost 

syrmetric with a small tail. The distribution made by the 6's is not like 

the tyiical Landau distribution, shown in Fig. 25b, obtained in a gas gap of 

9.5 xm thickness, at 1800 volts, and atncspheric pressure. Ccmparison of this 

distribution with that of Fig. 25a shows that the tail is greatly suppressed 

at the higher voltage. Landau fluctuations clearlyhavebeenreduced, 
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an indication that the greater the concentration of primary ionization, the 

acre saturation (less gain) occurs, as has been observed earlier. 17 

From the data of Fig. 23, we find a ratio of mean pulse heights prcduced 

by the two photons of ?r 1.4, rather than the % 2.0 ratio of energies. Similar 

conclusions about the departure from strict linear, proportional response 

folla?s from CQnparison of the signals from the S and x-ray sources. Those 

c&en&ions and the suppression of the Landau tail indicate partial satura- 

tion of the avalanche charge at the collecting wire. Thus, the energy resolu- 

tionis js&xcovedc~tothatgenerally obtainedwhen thecomters operate 

in the proportional mode. Ke find a resolution scmewhat smaller than, but 

not really inconsistent with that predicted by Fische??', which is based an 

a calculation of the response without the effect of Landau fluctuations. 

Deterioration in resolution at voltages much higher than 2400 V may be caused 

by fluctuations in gain where streamer and saturated avalanche ties overlap 

(see Fig. 24). Depending on the amomt of ionization deposited locally on 

the wire, the gain may be law (saturated avalanche) or more than an order of 

maqnit& hiqher (streamer). 
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Figure CapLionS 

Fig. 1 A cross section view of the Collider D&e&or Facility at 
Fermilab. 

Fig. 2 The experimentalconfigurationof theMAC electrcs-agnetic 
calorimeter. 

Fig. 3 lheexperhtal configurationof thebrasstubeelectrcmag- 
neticcalorimter. 

Fig. 4 A typical pulse heiqht distribution at-d Gaussian fitted points 
for obtaining0 andmean values using 20 fit. 

Fig. 5 u/E vs. high voltage for 10 GeV positrons at 0 psig. 

Fig. 6a-b The total pulse height response of thecalorimeter as function 
of the e energy for 0 psig and 5 psig, respectively. The 
linearity is excellent for both pressures. 

Fig. 7 The total pulse height as a function of the high voltage for 
pressures of 0 psig and 3 psig. 

Fig. 8 The response of the detector to simultaneous multiple positrons 
of 17.5 Gev. 

Fig. 9 The oscilloscope picture of scm single and double 17.5 GeV 
positronpulses. 

Fiq. 1Oa-b The pulse heights as a fuuction of simultaneous 17.5 GeVmul- 
tiple positrons for 0 psig and 8 psig. 

Fig. 11 

Fig. l2 

Fulse height distributions for 10 GeV multiple positrons. 

cd J E vs. shdtmeo~ multiple 17.5 CeV positrons after cor- 
rection for non-linear response. 

Fig. 13 

Fig. 14 

u/Eve.. positronenergy. 

u/E vs. e1/2. 

Fig. l5 Total pulse he&&t and u/E vs. incident beam angle for 17.5 
GeVpositrons. 

Fig. 16 u/d- E vs. thehighvoltage forthebrasstube calorimeter. 

Fig. 17a-e Pulse height distributions in each 3.3 radiation length seg- 
meuts of the calorimeter with incident multiple 17.5 GeV posi- 
trans. 
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Fig. 18a-e 

Fig. 19 

Fig. 20 

Fig. 21 

Fig. 22 

Fig. 23a-b 

Fig. 24 

Fig. 2b 

Fig. 2% 

Scatter plots of pulse heights in each section vs. the smn 
of the five outputs. 

Wanpulseheiqhtvs. thenumberof incident positrons for 
each segment. The straight lines are determined by the first 
two points. 

Meanpulseheiqhtin a calorinxetersegrentvs. positron indepth. 
lbe formofthe superimp3sedcurveis discussedinthetext. 

Position of shcxyer maximum asafunctionofenezgy. 

The circuit diagram for investigating the saturation avalanche 
region. 

Pulse height distributions for the 5.9 x-rays from Fe55. 
Fig. 23a sh~s the ADZ distribution without amplifier. Note 
the 3keVargonescapelineis notvisible in the saturated 
avalanchebecauseofpoorprop3rtionality. Fig. 23bshows 
the anplified distribution where the escape line is just visible 
because of the batter resolution athigh pulse heights. 

Thenwdeltubegainas afunctionof thehiqhvoltageinthe 
saturated avalanche regionusing the ADZwithout amplifier. 

The pulse heiqht distribution for minimum ionizing tracks in 
the saturatedavalanche region sh&ngalmostsymnetricdistri- 
bution with very small Landau tail. (HV = 2300 volts) 

As 24a at1800 volts, shawingadistributionwithit.sLandau 
tail. A low gain amplifier was used for obtaining this distri- 
bution. 
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